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SUMMARY 

T h i s  report is intended to  supply t h e  e l e c t r i c  v e h i c l e  manufac- 
turer wi th  performance data on t h e  General Elec t r ic  5BT 2366C10 
s e r i e s  wound DC motor and EX-1 Chopper Controller. Data is pro- 
v ided  for both s t r a igh t  and chopped DC input t o  t h e  motor, a t  2 
motor temperature levels. Tes t ing  was done a t  6 voltage incre- 
ments t o  t h e  motor, and 2 voltage increments t o  t h e  control ler .  
3ata resu l t s  are  presented i n  both tabular and graphical forms. 
Tabular information includes motOK voltage and current input data, 
notor speed and torque output data,  power data and temperature 
data.  Graphical information includes torque-speed, motor power 
output-speed , torque-current and ef f iciency-speed p lo ts  under the 
various operating conditions. 

The data result ing from Lhis tes t ing shows t h e  speed-torque plots  
to have t h e  most variance w i t h  operating temperature. The maximum 
motor eff ic iency is between 86% and 87%, regardless of temperature 
or mode of operation. When t h e  chopper is u t i l i zed ,  maximum motor 
eff ic iency occurs when the  chop-r d u t y  cycle approaches 100%. A t  
low d u t y  cycles t h e  motor efficiency may be considerably less than 
t h e  e f f i c i e n c y  for s t ra ight  DC. Chopper e f f i c i e n c y  may be 
assumed t o  be 95% under a l l  operating conditions. For equal 
speeds a t  a given voltage l e v e l ,  t h e  motor operated i n  t h e  chopped 
mode develops s l i g h t l y  more torque t h a n  it does i n  t h e  s t ra ight  DC 
mode. Sys tem block diagrams are inc luded ,  along w i t h  t e s t  setup 
and procedure information. 





INTRODUCTION 

Today about one-half of the petruleurn consumed i n  t h e  United 
States  is u s e d  for transportation. The introduction of electric 
vehicles could s ignif icant ly  s h i f t  t he  transportation energ!' base 
to  other sources s u c h  as  coal, nuclear, and solar.  

I n  1976 the Electric and Hybrid Vehicle Program was in i t ia ted  
w i t h i n  t h e  Enersy Research and Development Administration (ERDA)  , 
now the Department of Enezgy ( D O E ) .  1.1 September of that  same 
year, t h e  Congress passed t h e  Electr ic  and Hybrid Vehicle  
Research, Development, and Demonstration A c t  of 1976 (Public Law 
94-413) .  T h i s  A c t  is intended to accelerate t h e  integration of 
e l e c t r i c  and hybrid vehicles into our transportation system and to  
st imulate growth i n  t he  e l e c t r i c  vehicle industry. 

Part  of t h e  Electric and Siybrid Vehicle Program is focused upon 
assis t ing e l e c t r i c  v e h i c l e  manufacturers w i t h  general technical 
problems relating to t h e  design of near-term veh ic l e s .  For t h e  
most par t ,  these nanufacturers are small companies which often 
lack resources for t e s t i n g  , research, or development . 
T h i s  report is intended to  provide these manufacturers w i t h  
performance data on an e l e c t r i c  motor and chopper controller which  
may be u s e d  on t h i s  tyl- of vehicle. 

Due to  the limited ,power and energy capabi l i ty  of ba t te r ies ,  h i g h  
e f f ic iency  is a very desirable a t t r i bu te  of motors and control lzrs  
used i n  e l e c t r i c  vehicles. 

A l t h o u g h  there is a great deal of e l e c t r i c  motor and controller 
developmental work ongoing i n  both private industry and government 
research centers,  t h e  data supplied by the manufacturers of motors 
usually consists of l i m i t e d  information for s t ra ight  DC operation 
o n l y ,  and does not cover the motor's performance when used i n  
conjunction w i t h  a choppr/oontroller.  

The testing done ander t h i s  contract  and the result ing data 
formats were specified by t h e  NASA Lewis Research Center. This 
report sumnarizes data on a General Electr ic  model 5BT 2366C10 
se r i e s  wound motor and a General Electr ic  model EV-1 control ler .  
Other motor/controller combindt ions have also been tes ted,  and 
appear as separate reports under t h e  same contract  number. To 
assure consistent t e s t  resu l t s  under severe load, t h e  ba t te r ies  
used for these t e s t s  had much higher capacity t h a n  those typical ly  
available i n  an e l e c t r i c  vehicle.  I f  smaller, more portable power 
sources are used, the result ing motor torque and speed would be 
li-nited by the output capacity of the source. 

A l l  tests were made a t  two motor operating temperatures, as  
outlined i n  the "Test Procedure" section. The data from these 
tests s h o u l d  characterize the motor performance under t y p i c a l  
"hot" and "cold" conditions. I t  should be noted t h a t  these are 
o n l y  representative temperature levels.  



The data contained i n  these resu l t s  is a l l  of a steady-state 
nature, and does not show motor or control ler  efficiency during 
acceleration, deceleration or regenerative operation. To provide 
a complete range of data,  motor nameplate ratings were exceeded i n  
some instances for short  periods of time. A t  no time were t h e  
motors exposed to  severe abuse, physical shock or contaminated 
environments. 

The  test data presented here is not  intended to  represent the 
absolute maximum power available from any motor or controller.  
Under certain conditions, t h e  motor or controller may be capable 
of exceeding t h e  input and output power levels shown i n  t h e  data  
and still remain undamaged. However, since t h i s  represents the 
extreme conditions of motor/controller operation and is u s e f u l  
only i n  limited circumstances, such data is not presented here .  

Data is presented i n  graphical and tabular forms. Tests were run 
as detailed i n  t h e  section t i t led "Test Procedure.. Tabular data 
represents t h e  a r i thne t ic  average of a l l  test runs, and is 
intended to  redrlce data sca t t e r  a s  well as the volume of t o t a l  
data recorded. Tabular data w i l l  supply t h e  user w i t h  performance 
information a t  a specif ic  desired test poiiit. 

Graphical data presents t h e  averaged r e su l t s  plotted and extra- 
polated, such  t h a t  information for any given point w i t h i n  t h e  
t e s t i n g  range may be found. 
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EQUIPMENT T E S T E D  

Description of Motor 

The motor tested i n  t h i s  report is a General Electric model 58T 
2366C10 se r i e s  wound DC motor. T h i s  motor is shown i n  Figure 1, 
w i t h  a pr in t  detai l ing c r i t i c a l  dimensions i n  Figure 2.  Weight of 
t h i s  motor is 108.0 Kg (238.6 lbs.)  w i t h  a l l  mounting hardware 
attached. The following nameplate data appears on t h e  motor: 

Model Number 
Hor se po wer 
Winding 
Volts 
Amperes 
RP# 
Enc l .  
CL.F Duty - 1 hr . 

5BT 2366C10 
32 
Series  
16 5 
175 
5925 
BV 

1 4 O O C  

During inspection, prior t o  tes t ing,  no signs of abuse or wear 
were noted. 
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also forced over the motor housing using a conventional fan. 
flotor and control ler  operator controls  were located on the 
dynamometer console. These included motor power and control-  
l e r  power s u i  tches and control ler  acceleration potentiometer . 
Safety systems for t h e  dynamonetel: a l so  served t o  s h u t  off  t h e  
motor/controller i n  e v e n t  of an unsafe condition. A 300 amp 
DC contactor, controlled a t  t h e  console, switched ba t te ry  
power t o  t h e  motor. When data was t a k e n  for chopped DC 
operation, power was routed through a resistive load i n  s e r i e s  
w i t h  t h e  ba t te ry  t o  simulate a more rea l i s t ic  source i m p -  
dance, as would be found i n  a typical electric v e h i c l e .  T h i s  
resistance had a v a l u e  cf 0.059 OHH, and w a s  capable of 
dissipat ing approxinately 5200 watts. 

4 .  Instrumentation 

Connection between t h e  motor and dynamometer was made via  a 
Lebow type 1604-2K torque-speed transducer. The torque 
transducer was of t h e  rotary transformer type; t h e  speed 
transducer was of t h e  magnetic pickup ty,pe. F u l l - s c a l e  ranges 
were 225 N-m (2300 i n - l b s )  for t h e  torque and 15,000 rpm for 
t h e  speed pickup. 

Also coupled d i r ec t ly  t o  t h e  motor was an Inmet Model 201A 
temperature telemeter. Two type T thermocouples were mounted 
on the motor armature laminations, 180 degrees apart .  
Thermocouple wire was run underneath t h e  motor bearings, 
through t h e  shaf t  keyway ( w h i c h  was extended for t h i s  purpose) 
and d i r e c t l y  to  the telemeter module. T h e  module and i ts  9 
vol t  iJower source were mounted i n  an aluxinum d i sc  19.0 cm 
( 7 . 5  inches) i n  diameter and rotat ional ly  balanced t o  6000 
rpm. A loop antenna was mounted on t h e  small support I-Sea.:: 
to  receive t h e  Fi3 transmi lion. A receiver was located on t h e  
control console and cal ibrated to  readout d i r e c t l y  i n  degrees 
centigrade. 

Other temperature measurements were nade d i r e c t l y  on t h e  f i e ld  
windings, w i t h  type K thsrmocouples. Thermocouple wire was 
run d i r e c t l y  to the control console for readout. 

Torque, speed and temperature readout w3re accomplished u s i ? ~  
a Daytronics 9000 s e r i e s  modular signal conditioning rack. 
Readout was d i r ec t ly  i n  SI u n i t s .  A readout was a l so  provided 
t o  ca lcu la te  motor output horsepower from t h e  speed and torq’Je 
signals.  

Current measure3ents were made using T6M Research Type F 
coaxial s h u n t s  located on the bench, d i r e c t l y  over the moto:. 
These s h u n t s  were rated for  a 100  mV drop a t  200 amps and 
frequency respcnse of over 0 .5  :4Hz a t  rated current.  Volts;? 
measurenents were +aken d i r ec t ly  froin the motor and control l2r  
terminals via coaxial cable. 
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For t h e  s t r a igh t  DC tests, current and voltage measurements 
were made d i r ec t ly  on F l u k e  Kodel 8350A d i g i t a l  voltmeters. 

For t h e  chopped tests, both t h e  current and voltage s ignals  
were fed in to  P h i l l i p s  type PH-8940 opt ical  isolators .  These 
u n i t s  have a frequency response of DC t o  1.5 MHz f 3 dB, w i t h  
a phase s h i f t  of l e s s  than 2 degrees a t  15 kEa. The i so la tors  
serve to  amplify ( for  current measurements) or attenuate ( for  
voltaqe measurements) the  input signal as well as t o  "f loa t '  
t h e  inputs, allovinq the  output signal "c~irunons~ to  be t i ed  
together. The i so la tor ' s  "front end" is bat tery powered, 
completely eliminat'ng any chance for ground loops to  be 
created on t h e  signal l i n e s .  

S ince  it was necessary to  measure average and RUS voltages and 
currents,  as w e l l  a s  average wideband power for t h e  chopped DC 
tests, a Eewlett-Packard 54518 Signature Analysis System was 
u t i l i z e d .  

Output s ignals  from the isolators  were fed d i r ec t ly  into t h e  
A e w l e t t  Packard system. Analog-to-digital converters sampled 
t h e  data a t  20,000 points/sec., and d i g i t a l l y  performed t h e  
calculat iocs  for average, RMS and power measgrements. 

The analyzer was programed to pr in t  o u t  a l l  data required for 
each test point automatically. To assgre waveform in tegr i ty ,  
data  from each channel was constantly monitored or! an 
oscil loscope while  being input to the  analyzer. 
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TEST PRXEOURES 

1. T e s t  Sequence 

A t y p i c a l  test run c o n s i s t e d  of i n i t i a l l y  a s s u r i n g  t h e  motor 
t o  be a t  t h e  c o r r e c t  test temperature .  Two t empera ture  ranges 
were t e s t e d ,  2S0-4S0C and 13Oo-15O0C. For t h e  high tempera- 
t u r e  r u n s ,  t h i s  was accomplished by wrapping t h e  frame wi th  
l a y e r s  of f i b e r g l a s s  i n s u l a t i o n  . Once t h e  d e s i r e d  temperature  
range had been reached, t h e  motor was d r iven  t o  its maximum 
rated speed by the  dynamometer. When speed had s t a b i l i z e d ,  
t h e  motor was powered a t  a s p e c i f i c  i npu t  v o l t a g e  and data was 
recorded.  Once completed,  t h e  dynamometer speed was reduced 
600 RPH f o r  a second d a t a  p o i n t .  Th i s  procedure cont inued 
u n t i l  t h e  torque  t r ansduce r  limit was reached. When t h e  motor 
heated above its t e s t i n g  temperature range, forced  a i r  blowers 
were turned on ,  a l lowing  it to  cool. Once the  maximum torque  
p o i n t  had been taken,  t h e  motor was brought  back t o  maximum 
speed a t  600 RPN i n c r e m e n t s  t o  record  motor h y s t e r e s i s .  When 
c m p l e t e d ,  t h e  n e x t  J o l t a g e  tap  w a s  selected, and t e s t e d  a s  
be fo re .  S i x  motor i n p u t  v o l t a g e  l e v e l s  were s e l e c t e d :  2 4 ,  
4 8 ,  72, 96, 1 2 0 ,  and 1 4 4  v o l t s .  When a l l  r equ i r ed  inpu t  
v o l t a g e s  were t e s t e d ,  t h e  e n t i r e  procedure was repea ted  a 
t o t a l  of 3 times. The procedure was followed f o r  bo th  
r i p p l e - f r  :e and chopped t e s t i n g ,  t h e  o n l y  d i f f e r e n c e  being 
t h a t  for t h e  chopped d a t a ,  motor i n p u t  v o l t a g e  was c o n t r a l l e d  
by ad j u s t  ing t h e  chopper a c c e l e r a t i o n  poten t iometer  to  achieve  
t h e  proper  l e v e l .  Chopped d a t a  was taken  a t  120 and 1 4 4  v o l t  
input  l e v e l s  t o  t h e  chopper,  and t h e  above test sequences were 
followed f o r  both chopper i n p u t  v o l t a g e s .  B a t t e r y  c o n d i t i o n  
was c o n s t a n t l y  monitored to  assure t h a t  excess ive  "droop" was 
not  occur r ing  due to lack of charge  l e v e l .  For t h e  r e s u l t i n g  
d a t a ,  "droop" i n  input  v o l t a g e  l e v e l  is p r i m a r i l y  due t o  
in t e rconnec t ing  cable I R  d rop ,  i n t e r - b a t t e r y  connect  ion IR 
d r o s ,  and f o r  chopped data  on ly ,  t h e  I R  d rop  due t o  t h e  s e r i e s  
0.059 OHM adaed r e s i s t a n c e .  

2 .  Data Acqu i s i t i on  - - 

Data which  was d i r e c t l y  read from ins t rumen t s  and t h e  Hcwlett 
Packard ana lyzer  p r i n t o u t  was typed i n t o  a p o r t a b l e  CRT screen  
loca ted  on t h e  c o n t r o l  console .  The CRT was t i e d  i n t o  t h e  
Eaton VAX 11.1780 computer, pre-progranuned w i t h  a "form" 
format ,  so t h a t  a l l  d a t a  was typed under c o r r e c t  headings.  
T h i s  allowed an o r d e r l y  method of d a t a  a c q u i s i t i o n ,  and made 
i t  p o s s i b l e  t o  " c a l l  up" d a t a  from p rev ious  runs t o  compare 
d a t a  p o i n t s  fo r  h y s t e r e s i s  and t o  a s s u r e  t h a t  t h e r e  was no 
s i i b s t a n t i a l  d a t a  s h i f t  from i d e n t i c a l  e a r l i e r  tes ts .  

Once i n  t h e  VAX system, a l l  d a t a  from t h e  tes ts  was averaged 
f o r  e?:h unique tes t  p o i n t .  T h i s  i n c l u d e d  a l l  t h r e e  t es t  runs 
a s  w + l l  a s  h y s t e r e s i s  p o i n t s .  Averaging was done a r i t h m e t i -  
c a l l y ,  and was a v a i l a b l e  on hard copy a s  f i n a l  test r e s u l t s .  
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The following parameters have been measured for t h e  motor a t  each 
test point: 

1. 

2. 

3 .  

4.  

5. 

6. 

7 .  

8 .  

9 .  

Motor speed - measured a t  t h e  motor shaf t  i n  u n i t s  of revs./ 
m h .  (Accuracy, f l %  of 6000 WM f u l l  scale.)  

Motor torque - measured a t  t h e  motor shaf t  i n  u n i t s  of 
Newton-meters. (Accuracy, il% of 225 Mn f u l l  scale . )  

Motor temperatures - measured a t  various points internal t o  
the motor (see section titled "Instrumentation" for d e t a i l s )  
i n  u n i t s  of degrees centigrade. (Accuracy, k0.4OC for f i e l d  
measurements, f2OC for armature measurements.) 

Motor input voltage - measured a t  t he  input terminals of the 
motor i n  u n i t s  of vol ts .  (Accuracy, f0.018 of 199 volt  f u l l  
scale  . ) 
Motor input current - measured a t  t h e  input terminals of t h e  
motor i n  u n i t s  of amperes. (Accuracy, *0.50% of 400 ampere 
f u l l  scale.! 

Controller input voltage - measured a t  t h e  input terminals to 
t h e  controller i n  u n i t s  of vol ts .  (Accuracy, k l %  of 200 vo l t  
f u l l  scale.)  

Controller input current - measured a t  t h e  input terminals to  
t h e  controller i n  u n i t s  of amperes. (Accuracy, *l% of 400 
ampere f u l l  scale.)  

Controller i n p u t  power - measured a t  t h e  input terminals to 
the controller i n  u n i t s  of watts. (Accuracy, f 2 0  of 80,000 
wat t  f u l l  scale.)  

Controller o u t p u t  vGltage - measured a t  the output terminals 
of t h e  controller i n  u n i t s  of vol ts .  (Accuracy, fl% of  200 
volt  f u l l  scale.)  

10 .  Controller o u t p u t  current - measured a t  t h e  output t e r m i n a l s  
of t h e  controller i n  u n i t s  of amperes. (Accuracy, f l %  of  400  
ampere f u l l  scale . )  

11. Controller output power - measured a t  the output terminals of 
the controller i n  u n i t s  of watts. (Accuracy, *2% of 80 ,000  
watt f u l l  scale.  ) 

(Measurements #1-#3 were made for a l l  t e s t s ,  measurements 1 4  and 
1 5  for s t r a igh t  DC tests, and measurements # 6 - # l l  for chopped DC 
tests. ) 

16 



TEST RESULTS 

The test resu l t s  are tabulated i n  Tables 1 through 6 and depicted 
graphically i n  Figures 10  through 41 .  As indicated i n  t he  "Tes t  
Procedures" Section of t h i s  report ,  three separate test runs were 
made a t  each test conditior.. Each run s tar ted a t  maximum speed. 
The motor was gradual?y loaded, and data was taken a t  t h e  speeds 
indicated i n  the tables  u n t i l  maximum load was ac5ieved. The load 
was t h e n  gradually removed, and data was again taken a t  the same 
speeds. Consequently, t h e  original t e s t  data consis ts  of s i x  data 
points a t  each speed and each t e s t  cmdit ion.  T h i s  data was 
averaged and reduced t o  decrease t h e  data scat ter  and t h e  volume 
of t e s t  data to  be reported. 

17 



1. Data Reduction 

The o r i g i n a l  i n t e n t  of running t h r e e  test p o i n t s  w i t h  speed 
dec reas ing  and t h r e e  test p o i n t s  wi th  speed i n c r e a s i n g  was t o  
show t h e  e f f e c t  of h y s t e r e s i s  on t h e  motor performance. 
However8 t h e  h y s t e r e s i s  e f f e c t s  were found t o  be n e g l i g i b l e ,  
so a l l  s i x  d a t a  p o i n t s  were averaged toge the r .  

For tests of a motor t h a t  w i l l  be used with a s p e c i f i e d  power 
source8 t h e  i n p u t  v o l t a g e  is u s u a l l y  v a r i e d  i n  accordance w i t h  
t h e  power supply c h a r a c t e r i s t i c s .  Where t h e  power source is 
no t  s p e c i f i e d ,  t h e  inpu t  v o l t a g e  is u s u a l l y  held c o n s t a n t .  

For t h e  s t r a i g h t  DC tests, c o n s t a n t  v o l t a g e  d a t a  was d e s i r e d .  
S ince  t h e  i npu t  v o l t a g e  v a r i e d  somewhat8 a correction f a c t o r  
was app l i ed  to  t h e  speed d a t a .  T h i s  compensation f a c t o r  con- 
s i d e r e d  t h e  internal copper IA RA d r o p  of t h e  motor but  d i d  
not  inc lude  an allowance f o r  brush drop. The fo l lowing  compen- 
sation equat ion  was used: 

r 1 

J VIDEAL - R A I A  

VTEST - RAIA I compensated speed = tes t  spee 1 

0.01168 c,hms was used for t h e  va lue  of RA. The new compen- 
s a t e d  speed was u s e d  i n  a l l  subsequent calculations s u c h  as 
motor o u t p u t ,  power, and e f f i c i e n c y .  The c u r v e s  were a lso 
p l o t t e d  using t h e  compensated speed o r  t he  compensated power 
ou tpu t  as a parameter .  

For t h e  chopped DC tes ts ,  it appeared t o  be more a p p r o p r i a t e  
t o  t r y  t o  s i m u l a t e  t h e  v o l t a g e  "droop" c h a r a c t e r i s t i c s  of 
p r e s e n t l y  a v a i l a b l e  e l e c t r i c  v e h i c l e  b a t t e r i e s .  A t  each tes t  
p o i n t ,  t h e  c o n t r o l l e r  was ad jus t ed  t o  main ta in  a n e a r l y  
c o n s t a n t  va lue  of average motor vo l t age ;  t h u s ,  speed conpen- 
s a t i o n  is not  necessary .  

Once  t h e  d a t a  was averaged,  a b e s t  f i t  p l o t t i n g  r o u t i n e  was 
u t i l i z e d  on t h e  VAX t o  produce t h e  fol lowing p l o t s :  

1. Torque - speed ( f o r  each vo l t age  l e v e l )  
2 .  Power - speed ( for  each vo l t age  l e v e l )  
3. Torque - c u r r e n t  ( f o r  a l l  v o l t a g e  l e v e l s )  

A t  t h i s  time, p l o t s  of e f f ic iency-speed  were de r ived  by t h e  
fol lowing process :  ( f o r  s t r a i g h t  DC) 

1. L i n e s  of c o n s t a n t  power were drawn on t h e  power-speed 
cu rves .  

2 .  From t h e s e  l i n e s ,  va lues  of speed a t  each power l e v e l  
fo r  every  vo l t age  were e x t r a p o l a t e d .  
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3. Knowing speed and powerr torque was calculated for 
every point. 

4 .  Current was extrapolated for every torque value u s i n g  
the  torque current curves. 

5. Efficiency for each point was calculated as 
wer out 
vx I n = p  . 

6 .  For each l i n e  of constant powerr the  efficiency was 
plotted against  speed using a best f i t  program. 

For the chopped DC data  a similar method was used w i t h  t h e  
following exceptions: 

1. Once torque was known for each intersection point, 
i n p u t  power to  t h e  motor was extrapolated u s i n g  a 
torque vs .  i n p u t  power plot  (derived for each voltage 
level from t h e  averaged da ta) .  

2.  Once derived, efficiency was calculated as 

n = power ?ut and plotted against  speed for each power in 

power level u s i n g  a best f i t  program. 

The f ina l  plot  of chopper efficiency versus vol ts  was derived 
u s i n g  t h e  following routine . 

1. Equations were calculated for controller efficiency 

Power ?Ut versus controller output power for each 
power i n  

motor i n p u t  voltage level u s i n g  each averaged d a t a  
p o i n t .  

2. For fixed levels  of control ler  output powerr the value 
of controller efficiency and voltage were stored. 

3.  Plots  were made of control ler  efficiency-controller 
ou tpu t  voltage for each power level . 

4 .  Since these plots were overlapping w i t h i n  a very smakl 
range of efficiency (approximately 9541,  p l o t s  were 
replaced w i t h  a band showing tne maximum and minirn1m 
extremes of controller efficiency w i t h i n  the power 
levels  indicated. 
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2. Straight DC R e s u l t s  

The s t ra ight  DC data for two ranges of temperatures are pre- 
s e n t e d  i n  Tables 1 and 2. The voltage, current,  torque, and 
speed variables are tabulated in  the conventional manner. The 
compensated speed and t h e  compensated power output werc calcu- 
la ted as discussed i n  t h e  Data Reduction Section of t h i s  
report. The calculated efficiency is t h e  r a t io  of t h e  compen- 
sated power output to  the product of t h e  nominal voltage and 
cu r t  erit . 
The temperature tabulations i l l u s t r a t e  one of t h e  d i f f i c u l t i e s  
i n  performing t h i s  type of tes t ing.  Not only does the temp- 
e ra ture  vary from one point t o  another i n  t h e  machine, but  the 
temperature difference also varies.  

The tabulated data is depicted graphically i n  Figures 1 0  
through 17. These curves a l l  have the expected shape. 

The data was recorded for two temperature ranges i n  order t o  
allow an evaluation of temperature e f fec ts .  The most discern- 
able temperature effects appear i n  t h e  torque-speed curves. 
The h i g h  temperature curves (Figure 14)  are s h i f t e d  downward 
or t o  t h e  r ight of t h e  corresponding low temperature curves 
(Figure lo!. 
The s h i f t  i n  the torque-speed curves is primarily due to  t h e  
increase of armature resistance w i t h  increased temperature. 
Since t h e  torque-current curves are i n  close agreement, a 
g iven  torque w i l l  produce a greater I A R A  voltage drop a t  t h e  
higher temperature. Consequently, the  counter electromotive 
force and the speed w i l l  decrease. 

Temperature appears to have very l i t t l e  e f fec t  on motor e f f i -  
ciency. For both temperature ranges, the peak eff ic iencies  
are between 86 and 87%. These peak ef f ic ienc ies  a l l  appear a t  
moderate loads, reasonably h i g h  speeds and near maximum 
voltage. The efficiency drcas below 75% only a t  l i g h t  loads 
OK low voltage. 

3. Chopped DC Results 

The cnopped DC data are  tabulated i n  four categories a s  
fo l lows:  

Table 3 25-45OC 1 4 4  Volt Input 
Table 4 25-45OC 120 Volt Input  
Table 5 130-150 O C  144 Volt I n p u t  
Table 6 13O-15O0C 120 Volt Illput 

T h i s  data  is also depicted graphically i n  FigUKeS 1 8  t h r o u g h  
4 1 .  
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The v o l t a g e s  r e f e r  to  t he  nominal i npu t  v o l t a g e s  to  t h e  
chopper. Two vo l t age  ranges were used  to al low an e v a l u a t i o n  
of t he  e f f e c t s  of t h e  b a t t e r i e s '  s tate of charge.  The 1 4 4  
vol t  tests were intended t o  represent a f u l l y  charged b a t t e r y .  
The 120  J o l t  tests were intended t o  represent a p a r t i a l l y  
d i sc har ged b a t t e r y  . 
Both t h e  average and t h e  r o o t  mean squa re  (RMS) va lues  of a l l  
t h e  v o l t a g e s  and c u r r e n t s  were recorded. Only t h e  average 
va lues  of t h e  v a r i a b l e s  were used to  g e n e r a t e  t h e  curves  
dep ic t ed  i n  P igu rcs  18 through 41. The RMS v a l u e s  were 
recorded to  g i v e  a n  i n d i c a t i o n  of t h e  form f a c t o r  of each 
v a r i a b l e  and t o  a i d  i n  f u t u r e  modeling work. The du ty  c y c l e  
of t h e  c o n t r o l l e r  may roughly be considered t o  be t h e  r a t i o  of 
t h e  average  va lue  of t h e  chopper ou tpu t  v o l t a g e  t o  t h e  average 
va lue  of t h e  chopper input  vo l t age .  

A comparison of t h e  chopper inpu t  power wattmeter reading wi th  
t h e  product  of t he  average input  v o l t a g e  and c u r r e n t  va lue  
w i l l  i n d i c a t e  t h a t  s i z e a b l e  e r r o r s  may r e s u l t  by using t h e  
volt-amp product  as a measure of power. For t h e  low v o l t a g e  
tests, t h e  product  of t h e  average v a l u e s  of v o l t a g e  and 
c u r r e n t  is g r e a t e r  than t h e  wattmeter reading .  Rowever, a t  
high v a l u e s  of test vo l t age  t h e  volt-amp product  is less than 
t h e  wattmeter reading .  (The  dev ia t io , .  a t  high test v o l t a g e  is 
approximately 3%, and may be a t t r i b u t e d  t o  in s t rumen ta t ion  
e r r o r  .) The same r e s u l t s  a r e  found when t h e  product  of t h e  
RNS v a l u e s  a r e  compared t o  t h e  wattmeter r ead ings .  

On t h e  output  side of t h e  chopper a s i m i l a r  comparison may be 
made. Here t h e  product of t h e  average va lues  of v o l t a g e  and 
c u r r e n t  a r e  less t h a n  t h e  wattmeter reading f o r  low v a l u e s  of 
motor v o l t a g e  and a r e  higher  than t h e  wattmeter reading f o r  
high va lues  of motor vo l t age .  (Again,  a 3% d e v i a t i o n  is 
t y p i c a l  a t  high v o l t a g e ,  and may be a t t r i b u t e d  t o  instrumenta-  
t i o n  e r r o r . )  These  r e s u l t s  a r e  t h e  oppos i t e  of t hose  found on 
t h e  inpu t  s i d e  of t h e  chosper .  The product of t h e  R X S  va lues  
of  v o l t a g e  and c u r r e n t  a r e  always g r e a t e r  than t h e  wattmeter 
reading .  

The maximum va lues  of motor e f f i c i e n c y  fo r  t h e  chopped 3 C  c a s e  
a r e  approximately t h e  same as  t h e  maximum v a l u e s  fo r  t h e  
s t r a i g h t  DC c a s e .  These maximum e f f i c i e n c y  va lues  a l l  occur 
a t  or near maxiinum vo l t age  and correspond t o  d u t y  cycles near 
1009.  Consequently,  they  should be expected t o  approach t h e  
s t r a i g h t  DC va lues .  A t  low du ty  c y c l e s  t!ie e f f i c i e n c y  may be 
c o n s i d e r a b l y  less than t h e  e f f i c i e n c y  fo r  s t r a i g h t  DC. 

The measured chopper ef E i c i e n c y  is about  953 throughout  t h e  
test range.  Small e r r o r s  i n  e i t n e r  chopper inpu t  or ou tpu t  
power measurement r e s i l t  i n  v a r i a t i o t i s  i n  t h e  c a l c u l a t e d  
chopper e f f i c i e n c y .  Consequentlv,  t h e  vat  i a t  i ons  observed a t  
i n d i v i d u a l  t es t  p o i n t s  are  not s i g n i f i c a n t .  
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A comparison of t h e  chopped !IC torque versus speed curves w i t h  
t h e  corresponding s t ra ight  DC curves shows tha t  the chopped DC 
curves are s h i f t e d  s l i g h t l y  upward and to  the  r ight.  For 
equal speeds, t h e  additional torque produced i n  the chopped 
mode is due t o  t h e  AC component i n  both t h e  current and f l u x  
waves. 

The torque-speed curves for the chopped mode of operation 
(Figures 18, 24,  30 and 36) show that  t h e  curve for maximum 
voltage coincides w i t h  t h e  n e x t  lower voltage curve for h i g h  
values of torque. T h i s  phenomenon is caused by the impedance 
of t h e  power source. The corresponding tabulated data shows 
that  for t h e  highest voltage curve in each category, t h e  
chopper d u t y  cycle is nearly 100% and tha t  a constant voltage 
cannot be maintained a t  t h e  chopper output terminals rs torque 
is increased. I n  the region of coincidence, the chopper d u t y  
cycle is also 100% for the second h ighes t  voltage curve. 
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CONCLUSIONS 

A f a i r l y  e l a b o r a t e  s e t u p  is requi red  t o  perform t h e  tests 
desc r ibed  i n  t h i s  r epor t .  

1. 

2 .  

3 .  

4 .  

Power Supply Requirements 

I d e a l l y  the  motor should be t e s t e d  w i t h  t h e  s p e c i f i c  power 
supply w i t h  which it w i l l  be used. I n  t h e  case  of b a t t e r y  
powered v e h i c l e s ,  t h e  v a r i a t i o n s  of b a t t e r y  c h a r a c t e r i s t i c s  
and its l i m i t e d  energy c a p a c i t y  make a c t u a l  v e h i c l e  b a t t e r i e s  
imprac t i ca l .  some compromises m u s t  be made. In t h e  s t r a i g h t  
DC mode of ope ra t ion ,  a cons t an t  vo l t age  source  appears  to  be 
most d e s i r a b l e .  I n  t t - e  chopped mode, t h e  i n t e r n a l  imptdance 
of t h e  source  s u b s t a n t i a l l y  a f f e c t s  wave shapes.  

Temperature Control  

The temperature  of t h e  motor windings can change v e r y  r ap id ly .  
To exped i t e  t e s t i n g ,  t h e  winding tempera tures  should be 
monitored and some method of hea t ing  and cool ing  t h e  motor is 
d e s i r a b l e .  

I 11 s t r ume n t a t  ion -- 
Far t h e  chopped mode of o p e r a t i o n ,  t h e  ins t rumenta t ion  m u s t  be 
c a r e f u l l y  considered.  S i g n i f i c a n t  e r r o r s  can r e su l t  from 
using t h e  product of vo l t age  and c u r r e n t  a s  an i n d i c a t o r  of 
power. S u i t a b l e  wat tmeters  m u s t  be used. Many readings  w i l l  
be a small  f r a c t i o n  of f u l l  scale and accuracy may be less 
than expected.  

Test R e s u l t s  

a .  

b.  

C .  

d .  

The c o n t r o l l e r  e f f i c i e n c y  may be assumed to be about 95% 
throughout t h e  test range. 

The m a x i m u m  e f f i c i e n c y  of t he  motor was between 86 and 87% 
r e g a r d l e s s  of t h e  motor temperature  or  t h e  mode of 
ope ra t ion .  However, a t  low chopper du ty  cyc le s  t h e  motor 
e f f i c i e n c y  may be cons ide rab ly  less than it is on s t r a i g h t  
DC . 
Most of t h e  war i a  t ions caused by chang ing tes t  cond i t  ions  
a r e  d i s c e r n a b l e  on convent iona l  torque-speed curves .  For 
equal  t o rque ,  a motor a t  high tem&perature w i l l  run 
somewhat siower than t h e  same motor a t  a lower 
temperature .  For equal  speeds ,  a motor operated i n  t h e  
chopped mode develops s l i g h t l y  more tozque than it does i n  
t h e  s t r a i 3 h t  DC mode. 

T h e  h y s t e r e s i s  e f f e c t s  of t h e  motor a lone ,  a s  well a s  t h e  
motor -cont ro l le r  combiriat ion,  a r e  n e g l i g i b l e  an3 can be 
ignored. 
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